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ABSTRACT 
To facilitate the navigation of spacecraft to the outer planets, Jupiter 
and beyond, the JI'L-NASA Deep Space Network (DSN) has implemented three 
ensembles of atomic clocks at widely separated locations (Coldstone, 
California/Canberra, Australia/Madrid, Spain). These clocks must be main- 
13 
tained, syntonized, to within a few parts in 10 of each other and, the 
entire group must be maintained, to a lesser degree, in synchronism with 
UTC (NBS/USNO). 
Over the last 1 1/2 years the DSN t.as been using Global Positioning 
Sstellites (GPS) and Very Long Baseline Interferometry (VLBI) technology to 
perfors these critical Frequency and Time (F6T) synchronization tasks. 
both techniques are required because: 1) Though VLBI techniques permit 
direct F6T measurements .n widely dispersed clocks, it is relatively insen- 
sitive to drift. Drift of the group away from UTC and second order drift 
of individual member clocks. 2) The present constellation of GPSs is quite 
sensitive to clock offset from UTC and to second order drift but si~ulta- 
neous direct measurements on widely separated clocks (Australia to Spain) 
cannot be made. 
This report covers a year of FCT synchronization data collected from the 
intercomparison of 3 sets of cesium and hydrogen maser driven clock en- 
semklea through the use of GYS and VLRI techniques. Also covered, are 
some of the problems met and limitations of these two techniques at their 
present level of technology.. 
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INTRODUCTION 
I n  o r d e r  t o  meet t h e  i n c r e a s i n g l y  h igher  accuracy demands of s p a c e c r a f t  
nav iga t ion  t o  t h e  o u t e r  p l a n e t s  (Uranus and Neptune), Deep Space Network 
(DSN) Operat ions  is implementing and t e s t i n g  improved and more a c c u r a t e  
frequency and time (F&T) technology. These FLT requirements  a r e  a n  o r d e r  
of magnitude more s t r i n g e n t *  than they were f o r  t h e  J o v i a n  p l a n e t a r y  
encounter.  The t h r e e  hydrogen maser (HM)/cesium (CS) d r i v e n  c lock  en- 
oembles were syntonized t o  each o t h e r  and t o  UTC (NBS) i n  l a t e  1980 [1 ,2] .  
Employing a technique developed by t h e  a u t h o r  t h a t  f i r s t  t r a n o f e r s  t h e  
C.133 hyper f ine  l i n e  t o  t h e  hydrogen l i n e  then,  a l l  subsequent syntoniza-  
t i o n  is accomplished through t h e  use  of t h e  hydrogen hyper f ine  l i n e  ( 3 ) .  
The s y n t o n i z a t i o n ,  s o  e s t a b l i s h e d ,  is being maintained through t h e  combined 
use  of f i v e  techniques  (GPS, LORAN, TV, Trave l ing  Clocks and VLBI). Th i s  
paper r e p o r t s  t h e  r e s u l t s  from one y e a r s  GPS and VLBI F&T d a t a  use  t o  
mainta in  s y n t o n i z a t i o n  v i a  d i r e c t  frequency measurements and,  by t h e  in te -  
g r a t  ion  of t i  m e  domain measurements. 
The Larger Frequency and Time System 
- 
For t h e  purposes of t h l s  r e p o r t l s t u d y  t h e  Very Long Base I n t e r f e r o m e t e r  
(VLHI) Time Sync System has  been i n t e g r a t e d  i n t o  t h e  Frequency and Time 
System. I r e f e r  t h e  r e a d e r  t o  Figure  1 which is  an i l l u s t r a t i o n  of DSN's 
VLBI Time Sync Data System. A t  t h e  p resen t  t ime,  t h e  Global  P o s i t i o n  
S a t e l i t e  (GYS) r e c e i v e r s  a r e  under an e v a l u a t i o n  s tudy  a s  a high p r e c i s i o n  
F&T d a t a  g a t h e r i n g  system. Figure  2 i l l u s t r a t e s  how t h e  GPS F6T sync 
ardware was conf igured dur ing  t h e  per iod covered by t h i s  r e p o r t .  The 
design was t o  provide f o r  r e g u l a r  and r o u t i n e  F&T d a t a  c o l l e c t i o n ,  provide 
conwnunication pathways t o  d a t a  r educ t ion  c e n t e r s ,  provide f o r  t h e  d i s t r i -  
but ion of t h e  reduced d a t a ,  i n  t h e  form of "quick look r e p c r t s "  v i a  TWXs 
t o  t h e  c o l l e c t i o n  p o i n t s ,  t o  t h e  F6T Network Operat ions  Analyst  (NOA) and 
t o  t h e  F&T system Cognizant Operat ions  Engineer (SCOE). 
The 6 Month Tes t  
Beginning e a r l y  i anuary ,  1984, through mid-August a test was conducted f o r  
t h e  purpose o f :  1 )  Measuring t h e  minimum l e v e l  of e f f o r t  r e q u i r e d  t o  meet 
t h e  1 s i g ! ~ a  l e v e l  of t h e  f o u r  most c r i t i r e l  F&T parameters (mutual syn- 
t o n i z a t i o n  between p a i r e  of o s c i l l a t o r s ;  s y n t o n l z a t i o n  of o s c i l l a t o r s  t o  t h e  
UTC r a t e ;  mutual s y n c h r o ~ i z a t i o n  between p a i r s  of c locks;  synchron iza t ion  
of c locks  t o  t h e  UTC epoch). These a r e  l i s t e d  i n  descending o r d e r  of 
d i f f i c u l t y  t o  meet and maintain.  2) Evaluat ing t h e  comparative e f f e c t i v e n e s s  
of t h e  GPS and VLBI techniques  t o  measure these  four  F&T parameters.  
F i r s t  each of t h e  t h r e e  HMA were tuned (microwave c a v i t y  a d j u s t e d )  i n  s i t u  
t o  t h e  hydrogen l i n e  t o  b r i n g  t h e  group i n t o  mutual syn ton iza t ion .  Next, 
each HMA s r n t h e s i o e r  was ad jua ted  t o  lower t h e  output  frequency t o  n u l l i f y  
t h e  expected p o s i t i v e  frequency p u l l i n g  caused by accumulated c a v i t y  ageing. 
Last t h e  master  c lock  of each ensemble was r e s e t  t o  b r i n g  i t  wi th in  - +!
microsecond of t h e  UTC (USNO) epoch. 
* The c lock  r a t e s  of t h e  t h r e e  g l o b a l l y  d i s t r i b u t e d  ensembles a r e  t o  be 
maintained eyntonized to  t h e  UTC r a t e  wi th in  +1.7~10-13. A t  J u p i t e r  
t h i s  requirement was implied t o  be w i t h i n  - +lxlO-12. 
Syntonization Tests 
The mutual syntonization between the three pairs of orcillators was measured 
using both time domain and direct frequency domain measurements; employing 
both the CPS and VLBI instrumentation. The CPS time domain derivation of 
clock rate data (TABLE 1) were taken on multiple spacecraft in the pseudo 
simultaneous mutual view mode, and, is the 12 minute observation each 
sidereal day, averaged over the PERIOD indicated, The VLBI time domain 
derivation of clock rate (TABLE 1) is taken on multiple (6 to 20) Extra 
Galactic Radio Source (ECRS) observations taken every 6 to 10 days. The 
smaller values of STD DEV for the GPS data are more a reflection of the 
larger sample size than they are of instrumentation quality. The clock 
rate derived by the two techniques are always within less than 1 sigma 
variance over any common period. 
If is significant to note that, since these are time domain data, they con- 
tain the noise of two clocks in addition to the noise of the two oscillators. 
The clock driven by oscillator 15 is significantly noisier than the others. 
This clock noise has adverse1.y affected the VLBI data. But, since the 
CPS data on osc. 1 5  does not employ this clock (see Flgure 2) there is no 
degradation from this cause. The data indicate we can meet the requirement 
within 2 sigma. 
TABLE 2 contains xcillator vs oscillator syntonization data collected by 
direct frequency measurements of frequency (clock rate) by both the GPS and 
VLBI techniques. The GPS direct frequency data (TAB1% 2) were taken only 
when one or more spacecraft were in true simultaneous mutual view- Note, 
that the measurement noise of the CPS data is more than an order of nagni- 
tude greater than that on the VLBI data. 
T A P U  3 contains oscillator syntonization to UTC (NBS/USNO) data derived 
from time domain measurements. The VLBI time sync technique cannot measure 
this parameter therefore the table contains only CPS measurements. The 
data were derived from the relationship: 
(UTC(NIS) - VTC(GPS) - (OSC/CLK - UTC(GPS)) = UTC(NBS) - OSC/CLK 
The data were collected using the pseudo simultaneous mutual view technique. 
Ard so, the results still contain uncorrelated UTC(GPS) noise, uncalibrated 
p a ~ h  delays (Australia more noisy than Spain or USA) and, of course, the 
OSC/CLK noise. The largcst contribution is that caused by OSC/CLK behavior. 
(lee., unreported clock perturbations or resets and/or changes in the local 
magnetic or ternjerature environment* in which the oscillator is placed). 
The 2ND ORDER DRIFT term data has not been filtered to remove the clock norse 
or, the affects of environmental changes. By use of eyeball integratii, upon 
the data presented f.n Figures 3, 4 and 5, the reader can easily detect non- 
linear oscillator r*, ormance. Howevcr, as thr value of oscillator frequen- 
cy offset decrease '~ecomes (10-1 3)  it becomes progreadively more di f f icult 
to determine the 2no order term (frequency drift) because the CPS measurement 
nolee (approximately 3x10014) dominates the process. 
* On 2 occasions (one in Spain April 1984 and one in USA March, 1984) local 
area environmental changes (magnetic and temperature) caused a step change 
in the oscillator frequency. These are viaible in Figures 3 and 5. 
TABLE 1 
TIHE DOHAIN UEASUWEHENTS OSCILLATOR vm OSCILLATOR 
(1) AV CLK RATE WAN STI) DEV 2N1) ORDZi: 
OSCILLATORS TECHNIQUE PERIOD OFFSET DRI ?T 
VLBI 
CPS 
GFS 
CYS 
VLBI 
CPS 
VLBI 
CPS 
VLBI 
CPS 
VLBI 
VLBI 
GPS 
CPS 
CPS 
VLBI 
CPS 
CPS 
CPS 
CPS 
SPS  
1.3 
3.6 
5.89 
-0.299 
0.0952 
-2.48 
NOT USEABLE 
-6.1 
2.79 
0.9 
-0.824 
1.82  
4.5 
3.74 
-0.324 
0.446 
-1.20 
-0.675 
-3.06 
3.96 
0.944 
TARLE 2 
DIRECT FKEQUENCY WASUREMENT - OSCILLATOR rs OSCILLATOR 
( 1 )  MEAS. F!;EQUENCY HEAN STD DEV 
OSCILLATORS TECHNIQUE PERIOD OFFSET 
VLBI 
CPS 
CPS 
VLBI 
VLII 
CPS 
CPS 
VLBI 
! 
Note :  (I) A l l  o r c i l l a c o r n  are S m i t h s o n i a n  A s t r o p h y s i c a l  O b s e r v a t o r y  h y d r o g e n  
m a r e r r .  S e r i a l  n u m b e r s  5, 6 a n d  7 are m o d e l  VLC-1OB a n d ,  114 i r  
model VLC-11. S e r i a l  Y6 a n d  14 were l o c a t e d  i n  A u s t r a l i a ,  serial 
I5 i n  C a l i f o r n i a  and, rerial 1 7  i n  S p a i n *  
TABLE 3 
TIME DOMAIN MEASUREMENTS REF UTC (NIS/USNO) 
(1) HEAS. AV CLK RATE MEAN STL) DEV ZND ORDER 
OSCILLATOR TECHNIQUE PERIOD OFFSET DRIFT 
VLG-lOB#5 
VLC-1 OB#5 
VLG-10B#5 
VLC- 1 OB15 
VLG-lOB#5 
VLG-11B114 
VLG-11B114 
VLC-1 OB#6 
VLG- LOBY6 
VLG- 1 OB#6 
VLC-lO~t7 
VLG-lOB#7 
VLG-lOB#7 
VLC-1 OBX? 
CPS 
CYS 
CPS 
GPS 
CPS 
CPS 
GPS 
GPS 
CPS 
CPS 
GPS 
CYS 
CPS 
GPS 
-2.95 
-2 .4 
-1.14 
-3.97 
-1.94 
5 . 37 
NOT USEABLE 
0.35 
0.50 
0.49 
-5.22 
0.084 
-0.568 
0.054 
Note: (1) All osrillator3 are Smithssnian Astrophysical Observatory hydrogen 
masere. Serial numberr 5, 6 and 7 are model VLC-1OB and, 114 is 
model VLC-11. Serial 16 and 14 were located in Al~stralia, serial 
15 in California and, serial 17 in Spain. 
Time Synchron l  z a t i o n  t o  UTC 
-- 
N e i t h e r  t h e  N a t i o n a l  Bureau of  S t a n d a r d s  n o r  t h e  U.S. Naval  O b ~ e r v a t o r y  is  
p r e s e n t l y  e q u i p p e d  t o  p r o v i d e  t r a c e a b i l i t y  t o  t h e  UTC (NBSIUSNOj epoch  v i a  
t h e  VLBI t e c h n i q u e .  T h e r e f o r  a l l  UTC r e f e r e n c e d  time s y n c  d a t a  was a c q u i r e d  
t h r o u g h  t h e  u s e  o f  t h e  GPS t e c h n i q u e .  The a l g o r i t h m  u s e d  f o r  t h e  A u s t r a l i a n  
Clock  s y n c  measurement was: 
T h i e  a l g o r i  t n m  d i f f e r s  f rom t h a t  u s e d  f o r  S p a i n ' s  c l o c k  s y n c  measurement ,  i n  
t h a t  t h e  (USA CLK-GPS) measurements ,  i n  t h e  f i r s t  h a l f  o f  t h e  e q u a t i o n  i s  
n o t  made a t  t h e  same t i m ,  a s  t h e  (USA-CYS) measurement i n  t h e  s e c o n d  h a l f .  
However, t h e  same CPS s p a c e c r a f t  is u s e d  f o r  b o t h  measurements .  T h i s  
scheme had t o  be a d o p t e d  b e c a u s e  t h e  l a r g e  a n g u l a r  s e p a r a t i o n  between t h e  
N.I.S., @ B o u l d e r ,  Colo.  and t h e  A u s t r a l i a n  c l o c k  @ T i d b i n b i l l a ,  A u s t r a l i a n  
C a p i t o l  T e r r i t o r y  (A.C.T.) makes mutua l  view v e r y  u n l i k e l y .  
F i g u r e  3 is  a 150 d a y  h i s t o r y  of t h e  time o f f ~ e t  o f  t h e  d e s i g n a t e d  DSN Mas- 
ter  Clock  l o c a t e d  @ G o l d s t o n e ,  C a i f o r n i a ,  USA. The permanent  change  i n  
c l o c k  r a t e  was i n d u c e d  by a  permanent  change  i n  t h e  l o c a l  f r e q u e n c y  s t a n -  
d a r d s  room environtnent .  The change  i n  t h e  m a g n e t i c  e n v i r o n m e n t  a p p e a r s  t o  
have  a l s o  c a u s e d  a  change  i n  t h e  s e c o n d a r y  d r i f t  term. The t h r e e  s t e p s  i n  
c l o c k  o f f s e t  were  a l l  o p e r a t o r  induced  and ,  were  n o t  c a u s e d  by mecha:iical 
f a i l u r e s .  
F i g u r e  4 is a p l o t  of t h e  per formance  of  t h e  DSN's T i d b i n b i l l a  C l o c k ,  lo- 
c a t e d  i n  t h e  A u s t r a l i a n  C a p i t o l  T e r r i t o r y  (A.C.T). T h e r e  a r e  no  microsecond  
l e v e l  c l o c k  s t e p s .  T h e r e  a p p e a r s  t o  b e  no  s e c o n d a r y  d r i f t  a n d ,  t h e  random 
w a n d e r i n g  o f  t h e  c l o c k  r a t e  i s  d u e  t o  l a c k  o f  t i g h t  e n v i r o n m e n t a l *  c o n t r n l .  
F i g u r e  5 is a p l o t  o f  t h e  per formance  of  t h e  DSN's R ~ b l e d o  C l o c k ,  l o c a t e d  
n e a r  Madrid ,  S p a i n .  Ttrer e  w e r e  two " u n r e c o v e r e d "  submicrosecr~nd**  l e v e l  
s t e p s .  Both w e r e  c a u s e d  by FTS hardware  f a i l u r e s .  T h e r e  w e r e  t h e  o c c a s i o n s  
when t h e  c l o c k r a t e  changed.  The f i r s t  change  was c a u s e d  by a  f a i l u r e  o f  
t h e  HMA. The second  and t h i r d  were i n d u c e d  by changes*** i n  t h e  m a g n e t i c  
env i ronment .  It a p p e a r s  t h a t  t h e  s e c o n d a r y  d r i f t  term is t h e  same, i n  
magni tude  and s i g n ,  a s  t h a t  v i s i b l e  i n  F i g u r e  3. 
The d a t a  p r e s e n t e d  ( F i g u r e s  3,  4 and 5 )  c l e a r l y  shows t h a t  t h e  t h r e e  c l o c k s  
(DSK M a s t e r  C l o c k ,  T i d b i n b i l l a  Clock  and Robledo C l o c k )  m a i n t a i n e d  synchro-  
n i z a t i o n  t o  t h e  UTC (NBSIUSNO) epoch w i t h i n  less t h a n  h m i c r o s e c o n d s  o v e r  
t h e  test  p e r i o d .  
Clock  t o  Clock S y n c h r o n i z a t i o n  
---
Both  GPS and VLBI t e c h n i q u e s  were used  L O  measure  and m a i n t a i n  t h e  syn- 
c h r o n i s m  between DSN c l o c k s .  S i n c e  t h e r e  was b u t  a s i n g l e  VLBI measurement 
A r p t c i a l  f r e q u e n c y  s t a n d a r d s  room, w i t h  v e r y  p r e c i s e  e n v i r o n m e n t  con- 
t r o l s ,  h a s  b e e n  c o n s t r u c t e d .  Hut;, t h e  f r e q u e n c y  s t a n d a r d s  c - n n o t  b e  
moved u n t i l  mid 1985. 
** The d e s i g n  o f  t h e  DSN's c l o c k s  is s u c h  thaf: t h e y  c a n  o n l y  b e  s e e  t o  t h e  
n e a r e s t  c y c l e  o f  p h a s e  @ 1 MHz. 
*** Hardware was removed f rom t h e  f r e q u e n c y  s t a n d a r d s  room t h e : ,  l a t e r  o n ,  
h a r d w a r e  was added.  
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on t h e  Rob ledo /T idb inb i l l a  p a i r ,  a l l  t h e  d a t a  p re sen ted  i n  F igu re  8 woe de- 
r i v e d  from t h e  GPS technique .  The VLBI and CPS time sync  d a t a  p o i n t s  are 
f  tom i n s t  rumentat  i o n  connected  d l  r e c t  l y  t o  t h e  DSN s c a t  i o n  Reference  
Clock, excep t  @ Colds tone ,  C a l i f o r n i a .  Here t h e  CPS time o f f s e t  is t aken  
from a phantom DSN Master  Clock l o c a t e d  i n  a b u i l d i n g  approx ima te ly  200 
meters away ( F i g u r e  2).  t h a t  is d r i v e n  a t  t h e  same r a t e  as t h e  DSN Master  
Clock, and ,  is syfichronized t o  i t  through u s e  of c o a x i a l  c a b l e s  and a 
p o r t a b l e  cesium c lock .  
F igu re  6 i s  a p l o t  of  a  200 day h i s t o r y  of  t h e  synchronism between t h e  Tid- 
b i n b i l l s  Clock and t h e  DSN Master Clock e s  lneasured by ho th  t echn iques  
(GPS and VLBI). The c o n T ~ e n t i o n  used i a :  T i d b i n b i l l a  minus t h e  DSN Master. 
The l a r g e  o f f s e t *  between t h e  two sets of d a t a  p r i o r  t o  J u l i a n  Day 5820 
r e s u l t e d  from t h e  l a c k  of  a convenient** means t o  synchron ize  t h e  phantom 
c l o c k  i n  rea l - t ime.  
F i g u r e  7 is a p l o t  of  a  200 day h i s t o r y  of t h e  synchronism between t h e  Ro- 
b l edo  Clock and t h e  DSN Haster Clock as measured by both  t echn iques  (VLBI 
and GPS). The causes  o f  t h e  time of f e e t  p r i o r  t o  J u l i a n  Day 5820 a r e  t h e  
same a s  f o r  t h e  T i d b i n b i l l a  v s  DSN Haster sync  o f f s e t .  The convent ion  
used is: Robledo Clock minus t h e  DSN H a s t e r  Clock. 
F i g u r e  8 i s  - p l o t  of  a  200 day h i s t o r y  of t h e  synchrontsm betven  t h e  t h r e e  
p a i r s  ( T i d b ' n b i l l a  v s  DSN Master ,  Cobledo v s  DSN Master  and Robledo vs Tid- 
b i n b i l l a )  of DSN c locks .  A l l  t h r e e  d a t a  sets were c o l l e c t e d  u s i n g  t h e  
GYS time sync  technique .  The conven t ions  used were: Wobledo minus Tidbin-  
b i l l a ,  Robledo minus DSN Master  and T i d b i n b i l l a  minus DSN Haster .  
The d a t a  i n d i c a t e  t h a t  mutual time s y n c h r o n i z a t i o n  betwen a l l  p o s s i b l e  
p a i r s  o f  c l o c k s  h a s  beev mainta ined  w i t h i n  less t h a n  6 microseconds ove r  
t h e  200 day t e s t  per iod .  
* The GPS t ime sync  daca  r e p o r t s  are d i s t r i b u t e d  w i t h i n  14 days  of t h e  
o l d e s t  measurement p o i n t  d a t e .  The VLBI T i m  Sync System wa? i n  t h e  
p r o c e s s  of a major  block upgrade and t h e  r e p o r t i n g  l a g  sometimes ap- 
proached 90 days.  T h e r e f o r e  t h e  o f f s e t  was d i s c o v e r e d  l o n g  a f t e r  t h e  
test began. The phantom c l o c k  war a d j u s t e d  b u t ,  t h e  problem o f  main- 
t a i n i n g  eync i n  r ea l - t ime  remained. 
** The DSN H a s t e r  Clock is " o p e r a t i o n a l l y "  main ta ined  24 hours /day ,  e v e r y  
day. The phantom c l o c k  was mainta ined  8 hours /day ,  5 days/week. 
Using GPS t e c h n o l o g y  t h e  f r e q u e n c y  o f f s e t  o f  f o u r  SAO VLG v e r i e e  ! ~ y d r o g e n  
m a s e r s  w e r e  measured t o  be w i t h i n  a p a r t  i n  10 to  t h e  1 2 t h  of t h e  UTC(NBS) 
r a t e ,  a n d ,  remained e o  f o r  t h e  e n t i r e  test p e r i o d  of  200 days .  
Using b o t h  (;YS and VLBI t e c h n o l o g y  t h e  m11tur1 o y n t o n i t a t i o n  between t h e  3 
p a i r e  o f  hydrogen maeerr was measured t o  b e  w i t h i n  2 p u r t r  i n  10 t o  .he 
1 2 t h ,  and remained s o  o v e r  t h e  e n t i r e  test p e r i o d .  
Using GPS t e c h n o l o g y  t h e  time o f f s e t  o f  t h r e e  g l o b a l l y  s e p a r a t e d  c l o c k s  
were  m a i n t a i n e d  w i t h i n  less t h a n  10 m i c r o s e c o n d s  o f  t h e  UTC(NBS/USNO) epoch  
o v e r  t h e  200 d a y  test p e r i o d .  
Us ing  b o t h  CYS and VLBI t e c h n o l o g y  t h e  t h r e e  p a i r s  o f  g l o b a l l y  s e p a r a t e d  
c l o c k s  were  m a i n t a i n e d  i n  mutua l  s y n c h r o n i z a t i o n  w i t h i n  6 m i c r o s e c o n d s  
o v e r  t h e  e n t i r e  tes t  p e r i o d .  
The tests r e v e a l e d  3  problems:  I )  T+e need t o  c o n t i n u a l l y  s y n c h r o n i t e  t h e  
phantom c l o c k  2 )  The need f o r  prompt r e p o r t i n g  3 )  The need f o r  more s t r i n -  
g e n t  c o n t r o l  of t h e  f r e q u e n c y  s t a n d a r d s  room envi ronment .  P rob lem Y 1  
v j l l  go away when t h e  GPS s y s t e m  is t r a n s f e r r e d  f rom " e x p e r i m e n t a l "  t o  
" o p e r a t i o n a l "  s t a p u s .  Problem 12 h a s  a t  p r e s e n t  l e s s e n e d  c o n s i d e r a b l y  
(VLBI d a t a  t u r n  a r o u n d  time is  now 48 h o u r s ) .  
My t h a n k s  t o  Mark Manning, Al l i ed-Bendix  F i e l d  E n g i n e e r i n g ,  who programmed 
a n  Ii-P 85 computer  t o  p e r f o r m  t h e  d a t a  r e d u c t i o n  and produced t h e  p l o t s .  
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QUESTIONS A N D  ANSWERS 
D A V I D  SHAFFER, INTERFEROMETRICS: w h a t  VLBI s y s t e m  a r e  you u s i n g ,  
and wha t  f r e q u e n c y ?  Was it S  band  o r  X band a t  G o l d s t o n e  and d i d  
you t r y  t o  remove t h e  i o n o s p ~ ~ e r e  by u s i n g  b o t h  f r e q u e r c i e s ?  
M R .  W A R D :  We h a v e n ' t  r e m o v e d  t h e  i o n o s p h e r e  n o r  t h e  c a b l e  d r i f t  
p r o b l e m s  s i n c e  we d o n ' t  h a v e  o u r  c a l i b r a t o r  y e t .  
We a r e  u s i n g  b o t h  X b a n d  a n d  S  b a n d .  T h e  VLBI s y s t e m  t h a t  we 
a r e  u s i n g  i s  a b o u t  a  M a r k  2 ,  o r  1 .5 .  D u r i n g  m o s t  o f  t h e s e  
o b s e r v a t i o n s  we a r e  u s i n g  o u r  B l o c k  Z e r o ,  w h i c h  c o l l e c t s  t h e  d a t a  
on wideband  v i d e o  t a p e .  The rest  o f  i t  u s e d  o u r  B l o c k  One, wh ich  
s e n d s  t h e  d a t a  i n  d i g i t a l  f o r m  o n  w i d e b a n d  d a t a  l i n e s  b a c k  t o  t h e  
c o r r e l a t o r  i n  P a s a d e n a .  
GERNOT WINKLER, U.S.N.O.: Why t h e s e  l o n g  d e l a y s  i n  g e t t i n g  t h e  
VLBI d a t a  when you  h a v e  t r a n s m i t t e d  t h e  d a t a  b a c k  o n  w i d e  b a n d  
1 i n k s ?  
M R .  W A R D :  T h e r e  i s  a  b i g  g a p  b e t w e e n  d o i n g  t h i n g s  i r ,  t h e  
l a b o r a t o r y  , a n d  r o u t i n e l y  d o i n g  i t  i n  t h e  f i e l d .  T h e r e  i s  t h i s  
b u s i n e s s  o f  g e t t i n g  p r o c e d u r e s  a p p r o v e d ,  a n d  s i g n e d  o f f ,  a n d  
g e t t i n g  s o f t w a r e  r e l e a s e d .  
M R .  W I N K L E R :  I t  i s  n o t  a t e c h n i c a l  p r o b l e m  t h e n ,  b u t  a n  
a d m i n i s t r a t i v e  o n e ?  
M R .  W A R D :  C o r r e c t .  
M R .  WINKLER: The n e x t  q u e s t i o n  i s :  You show c o n s i s t e n t l y  t h a t  t h e  
GPS o b t a i n e d  v a l u e s  a r e  v e r y  s m a l l  i n  p r e c i s i o n  a n d ,  c o n v e r s e l y ,  
t h e  VLBI1s  s c a t t e r  a b o u t  t e n  t imes m o r e .  Ye t ,  when  y o u  show t h e  
r a t e s ,  t h a t  i s  r e v e r s e d .  T h a t  i s ,  t h e  VLBI r a t e s  a r e  much 
s m o o t h e r  f r o m  d a y  t o  d a y  t h a n  t h e  GPS r a t e s .  I t h i n k  t h a t  t h i s  i s  
i n c o n s i s t e n t .  
M R .  W A R D :  T h a t  a g a i n  i s  p a r t  o f  t h e  o p e r a t i o n s  p r o b l e m .  T h e r e  
h a v e  b e e n  t w o  o c c a s i o n s  when t h e  t w o  s y s t e m s  w e r e  r u n n i n g  o n  
d i f f e r e n t  c l o c k s .  
M R .  ALLAN: I t h i n k  t h a t  t h e  r e a s o n  f o r  t h e  d i f f e r e n c e  i s  t h a t  i f  
you a v e r a g e  GPS o v e r  12  m i n u t e s ,  a s  K l o b u c h s r  h a s  s h o w n  i n  s o m e  
work t h a t  h e  h a s  d o n e ,  you c a n  be  a f f e c t e d  by m u l t i - p a t h .  1 t"s  an  
e x c e l l e n t  t ime p o i n t ,  b u t  i t ' s  n o t  a  v e r y  good f r e q u e n c y  m e a s u r e  
o v e r  a  few m i n u t e s .  The s c a t t e r  c a n  be  q u i t e  h i g h .  The f r e q u e n c y  
s h o u l d  b e  d e t e r m i n e d  f r o m  d a y  t o  d a y  n o t  o v e r  t h a t  s h o r t  s a m p l e .  
M R .  WINKLER: I c a n ' t  u n d e r s t a n d  t h a t ,  b e c a u s e  GPS t i m e  v a l u e s ,  
d a y  a f t e r  d a y ,  a r e  s m o o t h .  I f  you  d e r i v e ,  f r o i n  t h e  t i m e  v a l u e s ,  
t h e  r a t e s  -- o r  d o  you d e r i v e  t h e  r a t e s  d i r e c t l y  f rom GPS? 
M R .  ALLAN: T h a t ' s  r i g h t .  
M R .  WINKLER: T h a t ' s  c r a z y !  
M R .  W A P D :  T h i s  i s  an e v a l u a t i o n  p e r i o d  f 9 r  u s  w i t h  GPS, and I  
j u s t  t r i e d  t h i s  t o  s e e  wh ich  d a t a  t y p e  p r o d u c e d  t h e  g r e a t e s t  
p r e c i s i o n  and  a c c u r a c y .  F o r  i n s t a n c e  V L B I  h a s  t h e  g r e a t e r  
p r e c i s i o n ,  bu t  i t  doesn ' t  have t h e  accu racy .  A l so ,  b e f o r e  you can 
u s e  t h e  VLBI, you h a v e  t o  u s e  some o t h e r  method  t o  make s u r e  t h a t  
t h e  two s t a t i o n s  a r e  w i t h i n  t e n  microseconds  of  each  o t i L e r  t o  c u t  
down t h e  p r o c e s s i n g  t i m e  a t  t h e  c o r r e l a t o r .  I t  r e q u i r e s  a  p r i o r i  
s y n c h r o n i z a t i o n  and s y n t o n i z a t i o n .  
M R .  R E I N H A R D T :  There  i s  a  very good r e a s o n  f o r  t h e  b i g  d i f f e r e n c e  
i n  V L B I  b e t w e e n  t h e  r a t e  d a t a  and t h e  t i m e  d a t a .  T h e r e  a r e  t w o  
s e p a r a t e  o u t p u t s  i n  t h e  V L B I  p r o c e s s i n g .  One i s  t h e  f r i n g e  r a t e  
o u t p u t ,  and o n e  i s  t h e  f r i n g e  o u t p u t .  They g o  t h i  ough v e r y  
d i f f e r e n t  p r o c e s s i n g .  I s u s p e c t  t h e  t i m e  d a t a  i s  h i g h l y  
con tamina ted  by t h e  f a c t  t h a t  t h e y  don ' t  have a  c a b l e  c a l i b r a t o r .  
My q u e s t i o n  i s :  Can you comment on t h e  s o u r c e  o f  t h e  l a r g e  
s c a t t e r  i n  t h e  t i m e  d a t a ?  What do you t h i n k  i s  c a u s i n g  i t  i n  t h e  
sys tem,  and do you e x p e c t  t h a t  t o  be c l e a n e d  up? 
M R .  W A R D :  That i s  mos t l y  an o p e r a t i o n a l  problem.  Tha t ' s  s t r i c t l y  
a  m a t t e r  o f  m a i n t a i n i n g  t h e  c l o c k s .  
M R .  R E I N H A R D T :  The s c a t t e r  t h a t  I saw was a  good f r a c t i o n  o f  a  
microsecond ,  and t h a t  is many o r d e r s  o f  magni tude  l a r g e r  than  you 
would expec t  from V L B I .  Yov say  t h a t ' s  no t  from t h e  V L B I  sys tem? 
i 4 R .  W A R D :  What you saw f rom t h e  V1,BI s y s t e m  i s  wha t  t h e  c l o c k s  
were r e a l l y  do ing .  and t h e  l o c a t i o n  of  t h e  equ ipment  a t  Golds tone  
a t  S t a t i o n  12 was an i n t e r i m  l o c a t i o n  w h i l e  t h e y  were do ing  t h e  
antenna r e p a i r  and upgrading t h e  equipment a t  t h e  64 meter  s i t e .  
M R .  KLEPCZYNSKI: To c a l i b r a t e  t h e  V L B I  p r o c e s s ,  t h e r e  a r e  two 
a r e a s  you have  t o  c a l i b r a t e .  One i s  c a b l e  d e l a y s  i n  t h e  s y s t e m  
snd  t h e  o t h e r  i s  e q u i p m e n t  d e l a y s .  I n  a d d i t i o n ,  t h e r e  i s  a  v e r y  
i m p o r t a n t ,  d e l a y  w i t h  r e g a r d  t o  t h e  f o r m a t e r .  T h a t ' s  t h e  d e v i c e  
f a h a t  t a k e s  t h e  t ome  f r o m  j J u r  l o c a l  c l o c k  and  p u t s  i t  on t h e  
t a p e ,  s o  t h a t  you can t e l l  when each  b i t  of  d a t a  was t a k e n .  
I f  t h e  B lock  One o r  B lock  Ze ro  s y s t e m  i s  s i m i l a r  t o t h 2 M a r k  
I 1  s y s t e m  t h a t  i s  u sed  e l s e w h e r e ,  i t  i s  an u n d e t e r m i n e d  d e l a y ,  
which i s  very  d i f f i c u l t  t o  c a l i b r a t e  a c c o r d i n g  t o  t h e  c lock  t i m e  
on t h e  m a g n e t i c  t a p e .  E v e r y  t i m e  you s t a r t  a n d  s t o p  y o u r  
equipment ,  o r  t u r n  i.t on from s c r a t c h ,  t h i s  d e l a y  changes.  LJnless 
you c a n  c a l i b r a t e  e v e r y  s i n g l e  t i m e  when  you s t a r t  you 
expe r imen t ,  you can e a s i l y  g e t  d e l a y s  o f  s e v e r a l  microseconds .  
